Divalent metal cations are essential to the structure and function of the ribosome. Previous 2 6 characterizations of ribosome structure and function performed under standard laboratory 2 7
were prepared and incubated in the anoxic chamber Fe and Mg solutions were prepared by without 100 mM EDTA. Reactions were placed on a 37 C heat block and incubated for 4 days 1 7 9
for the MgCl 2 and no M 2+ conditions and for 8 hours for the FeCl 2 conditions. At each time point 1 8 0 6 (0, 1. 5, 3, 6, 12, 24, 48 , and 96 hours for the MgCl 2 and no M 2+ conditions and 0, 7.5, 15, 30, 60, 1 8 1 120, 240, and 480 minutes for the FeCl 2 conditions) 4.5 µL aliquots were combined with 0.5 µL 1 8 2 of 1 M sodium phosphate buffer pH 7.6 to precipitate the Fe 2+ or Mg 2+ from solution and stored 1 8 3 at -80 C. Aliquots were defrosted on ice and combined with 2X Gel Loading Buffer II 1 8 4 (Amicon) then loaded onto a 1% Tris/Borate/EDTA agarose gel and run at 120V for 1.25 hours. 1 8 5
The gel was stained with GelStar TM and imaged with an Azure 6000 Imaging System (Azure 1 8 6 Biosystems). Azurespot software was used as a pixel counter to create lane profiles. rRNA peaks 1 8 7 were integrated by fitting to an Exponentially Modified Gaussian distribution using Igor Pro (v 1 8 8 7.08), which calculated discrepancies between fits and observed peaks. Observed rate constants 1 8 9 (k obs ) were found by taking the negative of the slope from the natural logarithm of the uncertainties of [M 2+ ] through following the equation (41).
Empirical error analysis confirms the assumption of equation 1 that systematic errors in [rRNA], In-line cleavage banding patterns. a-rRNA (42), which is composed of the core of the LSU 2 0 0 rRNA, was synthesized and purified as previously described. Lyophilized a-rRNA was and then alkylated with 14 mM iodoacetamide for 30 minutes at room temperature in the dark. Alkylation was quenched with 5 mM dithiothreitol for 15 minutes at room temperature in the 2 2 9
dark. Proteins were purified by the methanol/chloroform purification method and digested with strain MRE-600, the database for strain K12 was used. It has been shown that the two strains maximum number of missed cleavages was set at 3. Label-free quantification was enabled with 2 5 2 the LFQ minimum ratio count of 1. The match-between-runs option was enabled. The false 2 5 3 discovery rates (FDR) were kept at 0.01 at the peptide and protein levels. The results were processed using Perseus software (47). In the final dataset, the reverse hits and 2 5 5 contaminants were removed. The LFQ intensity of each protein from the proteinGroups table (5%), which is known to quench hydroxyl radical and to inhibit hydroxyl radical cleavage (48). (0-96 hr).. In the absence of degraded after 2 hours in anoxic Fe 2+ (Fig. 1a) . By contrast, when the M 2+ ion was switched 3 1 2 from 1 mM Fe 2+ to 25 mM Mg 2+ , only a modest amount of in-line cleavage was observed after 6 3 1 3 hours ( Fig. 1c) . Fitting of the data to a first order rate model ( Figure S3 ) and converting k obs to k 3 1 4
using k = k obs [M 2+ ] reveals that the apparent rate constant for in-line cleavage of the full-length 3 1 5
16S rRNA is 0.45 ± 0.03 s -1 for Fe 2+ and 0.00095 ± 0.00008 s -1 for Mg 2+ . Addition of EDTA 3 1 6
inhibited cleavage, with k dropping to 0.012 ± 0.002 s -1 for Fe 2+ and 0.00016 ± 0.00003 s -1 for
In sum, reactions with Mg 2+ and 3 1 9
anoxic Fe 2+ and showed the same
responses to potential inhibitors. cleavage is ~475-fold greater for Fe 2+ 3 3 0 than for Mg 2+ . solutions with 1 mM Fe 2+ contained significantly higher Fe 2+ than those purified in 3 mM Mg 2+ 3 4 2 ( Fig. 3) . All ribosome samples purified in 1 mM Fe 2+ contained similar Fe 2+ (~400-600 mol Fe We detect around 9 mol Fe mol -1 ribosome from cells grown in pre-GOE conditions purified in solutions with high Mg 2+ (Fig. 3) . Ribosome-associated Fe 2+ was quantified with TXRF, as Fe 2+ (6-9 μM, no Fe added), and purified anaerobic cells was slightly less than from those from aerobic cells. Ribosomes from all four 3 7 6 growth conditions contained intact 23S, 16S, and 5S rRNAs with purification in 3 mM Mg 2+ 3 7 7
( Fig. 4a) resulting in a higher proportion of intact rRNA relative to purification in 1 mM Fe 2+ 3 7 8
( Fig. 4b) . Each purification also contained a full suite of rProteins as indicated by mass 3 7 9 spectrometric analysis and by gel electrophoresis (Fig. S4) . The protein composition of 3 8 0 ribosomes from 1 mM Fe 2+ growth conditions ( Fig. S4b ) was similar to that from Mg 2+ growth 3 8 1 conditions (Fig. S4a) . values are reported ± standard error of the mean (n=4). All ribosomes were normalized to 9 mg mL -1 before adding 4 0 5
to translation reactions. of rProteins, and were associated with additional proteins, as determined by mass spectrometry. Fe 2+ content in the media (Table S2) . Several proteins were differentially expressed in pre-GOE 4 1 5 ribosomes relative to other growth conditions (Fig. 5) . Notably, pre-GOE ribosomes had five between two growth conditions. Black circles backbone via an in-line mechanism (30, 31 ). An oxidative cleavage mechanism for Mg 2+ , with a 4 4 0 fixed oxidation state, is not accessible. We have shown here that Fe 2+ , like Mg 2+ , can cleave RNA by a non-oxidative in-line mechanism. The apparent first-order rate constant for in-line Support for a non-oxidative in-line mechanism of cleavage of RNA by anoxic Fe 2+ is provided 4 5 0 by observations that the rate of the reaction is not attenuated by anoxia and that the sites of in the anoxic cleavage reaction is confirmed by the lack of inhibition by a radical quencher (25). and is the only mechanism of Mg 2+ cleavage, which is considerably slower. By contrast, in oxic Firstly, because of low lying d orbitals, Fe 2+ has greater electron withdrawing power than Mg 2+ 4 7 6 from first shell phosphate ligands. In coordination complexes with phosphate groups, the 4 7 7 phosphorus atom is a better electrophile when M 2+ = Fe 2+ than when M 2+ = Mg 2+ . This difference 4 7 8
between Mg 2+ and Fe 2+ is apparent in ribozyme reactions and in-line cleavage reactions. Secondly, Fe 2+ (H 2 O) 6 is a stronger acid than Mg 2+ (H 2 O) 6 ; depletion of electrons is greater from 4 8 0 water molecules that coordinate Fe 2+ than from those that coordinate Mg 2+ . The lower pKa of The mechanisms of in-line cleavage suggest that direct M 2+ -RNA coordination is required 4 8 6 (30, 31) . Indeed, studies of the in-line fragment patterns have previously been used to probe 4 8 7 structural information on RNA molecules, such as determination of metal-binding sites (34, 35) .
Ribosomal iron content is elevated in vivo by pre-GOE conditions. Our data show for the first diffusion into cells. Thus, anaerobic cells do not sequester Fe, and labile Fe 2+ accumulates in the 5 0 0 cytoplasm (55). Under pre-GOE conditions, Fe 2+ is abundant and bioavailable, allowing cellular 5 0 1 assimilation (60). We detect around 9 Fe 2+ per ribosome in pre-GOE conditions. 5 0 2 Fe 2+ associates with rRNA in vivo. Exchange of non-native metals for native metals is well- be refractory to exchange. We hypothesize that this subset M 2+ are contained in M 2+ -µc's, which 5 1 8 can be occupied by either Mg 2+ or Fe 2+ (17), depending on growth conditions. 5 1 9
We also hypothesize that ribosomes harvested from aerobic cells have low Fe 2+ /Mg 2+ ratios 5 2 0 because of low intracellular Fe 2+ availability and lability. This hypothesis is supported by our 5 2 1 observation that the number of slow exchanging Fe 2+ per ribosome from aerobic cells is near the 5 2 2 baseline of our measurements. It appears that ribosomes harvested from pre-GOE conditions 5 2 3 have high Fe 2+ /Mg 2+ ratios because of high intracellular Fe 2+ availability and lability, as Fe 2+ ions that do not exchange during purification.
2 7
Anoxic Fe 2+ degrades rRNA within ribosomes. rRNA from all four growth conditions showed 5 2 8 partial hydrolysis when ribosomes were purified in anoxic Fe 2+ . It appears that Fe 2+ can mediate 5 2 9
rRNA degradation by an in-line mechanism during ribosomal purification in anoxic Fe 2+ . Less bind to iron. A notable example is the bacterial non-heme ferritin subunit protein, which is 5 3 8 associated with the ribosome in each of our growth conditions. Bacterial non-heme ferritin is an 5 3 9 iron storage protein that can hold as many as 3,000 Fe 3+ atoms as the mineral ferrihydrite (56) in 5 4 0 a 24-mer of identical subunits that self-assemble into the mature protein (63). There is previous 5 4 1 evidence for ferritin copurifying with ribosomes in sucrose gradients. The use of column 5 4 2 purification in our study makes coincidental copurification unlikely, and supports direct 5 4 3 association of ferritin with ribosomes (64). Non-heme ferritin is upregulated under high 5 4 4 intracellular iron so it is perhaps unsurprising that this protein is most abundant in ribosomes 5 4 5 from pre-GOE conditions (65,66). We cannot discount the contribution of iron loaded ferritin 5 4 6 towards the elevated ribosomal iron content. However, recent evidence suggests that ferritin-5 4 7 bound iron makes up a very small portion of the total iron pool in exponentially growing E. coli 5 4 8
